Introduction {#sec1-1}
============

Red blood cells (RBCs) are the most abundant cells in the human body. They were considered only single *bags* of hemoglobin able to transport up to 1 billion of molecules of oxygen.^[@ref1]^ Recent evidences suggested that RBCs have many functions essential for life such as the regulation of metabolic homeostasis, hypoxic responses and inflammation; moreover, they participate in the nitric oxide (NO) metabolism.^[@ref2]^ They are also important for their membrane transporters and receptors, that are responsive to drugs, nutraceuticals and phytochemicals.^[@ref7]^

Many new and unexpected proteins have been identified in these anucleated cells: nuclear factor-kB (NF-kB) and nitric oxide synthases (NOS) are found in RBCs and in platelets, too.^[@ref8]^ It is important to emphasize that, in nucleated cells, these proteins have well-investigated roles.^[@ref12],[@ref13]^ In nucleated cells, such as white blood cells (WBCs), in fact, NF-kB regulates the transcriptions of genes involved in apoptosis, the immune responses and inflammation. This factor is engaged in the same inflammatory processes in which it is possible to find also a higher expression of inducible nitric oxide synthase (iNOS) and interleukin 1β (IL-1β).^[@ref14]^ In marked contrast to the other NOS (endothelial nitric oxide synthase -eNOS-; neuronal nitric oxide synthase -nNOS-), the expression of iNOS in nucleated cells from healthy patients is absent; on the contrary, its expression occurs in metabolic diseases (*i.e*., obesity and diabetes).^[@ref20],[@ref21]^ Therefore, the activity of iNOS generates significant amounts of NO and its overproduction is cytotoxic.^[@ref14],[@ref22]^ Furthermore, NO-production activity by eNOS diminishes in metabolic diseases. The latter modification is due to insulin resistance, which is mediated and downregulated by NF-kB, and by the free fatty acid induced activation of Toll-like receptor 2 and 4.^[@ref25],[@ref26]^ All the pathways aforementioned have been well investigated in WBCs, where the inflammatory response, especially during obesity, takes place.^[@ref27]^ Many studies have analyzed changes in the WBC population of obese subjects. Recently, Gu *et al*, showed that WBC count composition can be used as an important indicator for explaining the complexity of this disease.^[@ref28]^

Since many of these mediators work as transcription factors, all these proteins have been less considered in anucleated cells because the absence of the nucleus made their presence and their activity obsolete in these cells.^[@ref2]^ Intriguingly, recent studies related to these proteins took into account also anucleated cells, in particular RBCs and platelets proposing a crucial and non-canonical role for NF-kB since it seems directly involved in the modulation of cell functions and in the promotion of cell survival.^[@ref8],[@ref30]^ Spinelli *et al.*, for example, have demonstrated that inhibitors of NF-kB have profound effects on platelet signaling pathways.^[@ref8]^ Moreover, Ghashghaeinia *et al*. showed that other inhibitors of the same protein interfere with the survival of RBCs.^[@ref30]^ With regard to NOS within RBCs, it has been suggested that they contribute to the intravascular NO pool by regulating physiological functions.^[@ref31],[@ref32]^ Human and mice RBCs have both endothelial (eNOS) and inducible (iNOS) isoforms of NOS.^[@ref33]^ Much attention has been payed to RBC-eNOS activity suggesting that it regulates RBC deformability. Moreover, NO production by eNOS interacts with target proteins leading to the activation of NO signaling pathways.^[@ref34]^ However, to our knowledge, there are contradictory and controversial findings on the effective role of iNOS in both nucleated and anucleated cells in clinical and experimental studies.^[@ref17],[@ref31],[@ref35]^

In support of the non-canonical role of NF-kB and NOS activities, we investigated their expression and the presence of other oxidative markers in RBCs in healthy and obese patients. Obese patients show low levels of antioxidant markers, such as superoxide dismutase-1 (SOD-1) and catalase (CAT), so we used them for defining the inflammatory state characteristic of the condition under examination, as well as IL-1β in WBCs, body mass index (BMI) and triglyceride levels.^[@ref18],[@ref39],[@ref40]^ Moreover, we examined the presence of the other proteins in RBCs in healthy and obese patients before and after the supplementation of omega-3 polyunsaturated fatty acid (PUFA). Further, we evaluated the expression of these proteins in RBCs comparing their positivity also with those observed in WBCs using these latter as an example of nucleated cells.^[@ref41]^.

In this study we wanted to underline that NF-kB, could be, also, present in anucleated cells. For years it has been argued that the lack of a transcriptionally active nucleus made proteins with a transcriptional activity obsolete in these cells. For this reason, we decided to compare the expression detected in RBCs with that detected in WBCs.

Next to these considerations we try also to find a way to modulate the changes made by the inflammatory state on RBCs and WBCs. In particular, we considered omega-3, one of two classes of PUFA that are natural components of the diet, having a wide spectrum of physiological roles.^[@ref44],[@ref45]^ This supplementation could play a beneficial role in all the pathologies characterized by an increase in the oxidative state: omega-3 PUFA, in fact, are prone to oxidation, but they are also able to activate the stress-signaling pathways, modulating the response activity of cellular antioxidant enzymes.^[@ref46]^ Several studies have been carried out even if it is possible to find out conflicting results around PUFA antioxidant effect: these different outcomes could be due to the individual ability to modulate intracellular pro- and anti-oxidant activity regardless of the supplementation. What is relevant is the effect that the supplementation has on the composition of the RBC membrane. When PUFA are introduced, they are incorporated in cell membranes and involved in the maintenance of their composition.^[@ref47],[@ref48]^ It is well-known that fatty acids affect the cell membrane fluidity, the affinity of the receptors, the transport of ions, oxidative stress and inflammatory response, which are associated with cell death or survival.^[@ref49],[@ref50]^Moreover, this supplementation could help to increase the omega-6/omega-3 ratio that it is reversed in humans as a consequence of agribusiness and modern agriculture.^[@ref51]^ This last mechanism of action of the supplementation could also be of fundamental importance and indicate a future possible clinical application. In fact, it is well known that this ratio has changed from the past, especially in people whose diet is strongly westernized, and it is also known that an alteration of this ratio worsens the state of health of the patient, predisposing to the development of obesity. The supplementation carried out, therefore, could have a second positive effect also leading to the restoration of the correct ratio.

Materials and Methods {#sec1-2}
=====================

Study subjects {#sec2-1}
--------------

This clinical trial involved only the female gender since the global prevalence of obesity is higher in women than in men as reported by Kelly *et al.^[@ref52]^*. Moreover, obesity has negative impact on fertility, pregnancy and health of newborn,^[@ref53],[@ref54]^ increases the risk of developing breast and endometrial cancer^[@ref55],[@ref56]^ and is linked to gastroesophageal reflux disease, fatty liver disease and gallstones.^[@ref57]^

This study was conducted in accordance with the Declaration of Helsinki; the Ethical Committee of Faculty of Medicine, Pavol Jozef Šafárik University in Košice, Slovakia, N. 7N/2016, approved it and defined the samples and the analyses to be carried out within the clinical project. To compensate for potential dropouts, the number of people was increased thanks to the recruitment of volunteers, all from Pavol Jozef Šafárik University in Košice (Slovakia), and their relatives. All the participants provided written consent to participate in the study.

The study group consisted in 44 women older than 40 years and younger than 60 years; they were involved in the experiment from October 2018 to January 2019. Two participants did not finish the experiment and one participant was excluded at the beginning because of health problems.

Finally, 41 women were divided into 4 groups: eleven healthy subjects (Group 1) and twenty obese patients (Group 2); five obese patients (Group 3) and five obese patients (Group 4) who received respectively three and six weeks of omega-3 PUFA supplementation. All study participants were expressly asked not to introduce further changes in their diet and lifestyle. In this way, the only variable was the introduction of the supplementation under examination in order to assess the effect of this on the parameters evaluated, without any bias.

The number of patients (41 women, aged between 40 and 60 years) has been considered and accepted from Ethical Committee that approved this clinical trial. For healthy subjects the *inclusion criteria* were: i) aged between 40 and 60 years; ii) BMI higher than 18.5 kg/m^2^, but lower than 25 kg/m^2^; iii) not pregnant or participants in another clinical trial; iv) not using vitamin-mineral supplement; v) not smoking or abusing alcohol. For obese subjects, the *inclusion criteria* were: i) aged between 40 and 60 years; ii) BMI higher than 30 kg/m^2^; iii) not pregnant or participants in another clinical trial; iv) not using vitamin-mineral supplement; v) not smoking or abusing alcohol. For both healthy and obese subjects, the *exclusion criteria* were: i) previous oncologic diseases; ii) inflammation diseases; iii) tuberculosis; iv) syphilis; v) renal or hepatic insufficiency; vi) pregnancy.

BMI evaluation {#sec2-2}
--------------

One of the criteria for dividing the participants into the different groups was the BMI value.^[@ref58]^ BMI is calculated using each person's height and weight. The formula for evaluating BMI is BMI = weight/height^2^ or BMI = kg/m^2^, where kg is the person's weight in kilograms and m^2^ is person's height in meters squared. According to William *et al*., considering the numeric value of BMI it is possible to recognized four main categories that are summarized in [Table 1](#table001){ref-type="table"}.^[@ref58]^

Omega-3 PUFA composition {#sec2-3}
------------------------

Several studies have shown the effectiveness of a supplementation with some natural bioactives such as n-3 PUFAs. Because of their few side effects they may be safer than other modalities for the treatment of different pathological conditions, including also obesity.^[@ref59]^ This integration could be useful mostly because the human body is able to synthesize many fatty acids, but not linoleic acid (LA; omega-6; C18:2 n-6) or α-linolenic acid (ALA; C18:3 n-3), which must be introduced with the diet.^[@ref59]^ This introduction is even more important if we consider the fact that ALA is the precursor for eicosapentaenoic eicosanoids (EPA, C20:5 n- 3), docosapentaenoic acid (DPA; C22:5 n-3) and DHA (C22:6 n-3) and that the presence of a balanced n-6:n-3 fatty acid ratio (1:1 to 2:1) is important for body homeostasis throughout the lifespan.^[@ref60]^ For evaluating and defining the best dose of omega-3 PUFA supplementation, several factors have been taken into consideration. First, since that, in women the conversion α-linoleic acid to EPA is about 21% and to DHA is about 9%; the World Health Organization recommends to ingest directly EPA and DHA in food and supplements for increasing the total final contents of these molecules.^[@ref61],[@ref62]^ On the other hand, since the excessive fishing is a global problem and fish oil is the most commonly used source of EPA and DHA,^[@ref63]^ it could be useful to identify other vegetal sources for obtaining the physiological levels of EPA and DHA, decreasing the dose of omega-3 PUFA administered as fish oil. Other studies also confirmed that supplementation with omega-3 PUFA containing EPA and DHA at the dose of 2-4 g daily decrease triglycerides level, inflammation and platelet aggregation.^[@ref62]^ For this reason, we decided to integrate the animal omega-3 PUFAs with an additional vegetal source represented by 15 g of chia seeds (*Salvia hispanica* L., seeds). Chia seeds, in particular, are important also because they contain important substances for the body, which affect the cardiovascular, immune and nervous systems.^[@ref64]^

Each fish oil capsule is composed of 225 mg EPA etylesters and 170 mg DHA etylesters and it is provided by MaxiCor®, Farmax (Hradec Králové, Czech Republic). The other components of these capsules are: gelatin as packaging; glycerol, vitamin E (DL-alphatocopheryl acetate) as thickener.

About chia seeds (Allnature, s.r.o., Hradec Králové, Czech Republic,) provided them and their composition is guaranteed by brand and tested in laboratory. In particular, they contain 40% of oil with high content of PUFA and α-linoleic acid represents more than 50% of these acids. Other important ingredients in chia seeds include calcium, potassium, iron, phosphorus, zinc and magnesium. They are also source of proteins (19.0-26.5%), fibers, vitamins, minerals and antioxidants, suitable for vegans or vegetarians.^[@ref65]^

Considering all these factors the final daily dose of supplementation was set as 3 capsules of fish oil and 15 g of chia seeds for a total amount of 675 mg EPA + 510 mg DHA from fish oil and 3 g of both EPA and DHA from chia seeds*.*

Blood sample collection and isolation of RBCs {#sec2-4}
---------------------------------------------

For all groups, venous blood samples were collected at baseline, after three and six weeks from the beginning of the experiment. Blood smears were collected from participants in the morning after 12 h fasting, stored into heparin tubes (BD Vacurainer, LH 170 I.U. and BD Vacurainer, K2E - EDTA 10.8 mgM; Plymouth, UK) and used for the analysis of triglyceride levels. Dry blood smears were fixed with cold acetone (4°C, Sigma-Aldrich, St. Louis, MO, USA) for 10 min and stored at -20°C according to Thorpe *et al*.^[@ref66]^ According to Paździor-Czapula and colleagues and to Esmaeilnejad *et al*., no other treatments have been done on the smears used for the immunostaining.^67\ 68^

Quantification of triglyceride levels {#sec2-5}
-------------------------------------

Triglycerides were measured with commercially available kits in an automated biochemical analyzer (RX 63901DAYTONA, Randox Laboratories Ltd., Crumlin, UK). The obtained values were compared with normal range of triglycerides, physiologically between 0.3 and 1.6 mmol/L.^[@ref69]^

Morphological evaluation {#sec2-6}
------------------------

Dry blood smears fixed as previously reported were stained with May-Grunwald and Giemsa staining (Bio Optica, Milan, Italy) and then observed using a light microscope (Olympus, Hamburg, Germany) at the final magnification of 1000x.^[@ref70]^

Immunohistochemistry localization of SOD-1 and CAT, IL-1β, NF-kB, eNOS and iNOS {#sec2-7}
-------------------------------------------------------------------------------

Blood smears were washed for 5 min in tris buffered saline (TBS), then, they were treated for 30 min with 1% hydrogen peroxide (Sigma-Aldrich) in order to deactivate the endogenous peroxidases in the cells. After washing in TBS, smears were preincubated with 1% bovine serum albumin solution (Sigma Life Science, St. Louis, MO, USA) for 1 h. Then they were incubated for 1 h at room temperature and subsequently for 30 min at 37°C with the following primary antibodies: mouse monoclonal antibody against SOD-1 (diluted 1:300, Santa Cruz Biotechnology, Inc., Heidelberg, Germany) and goat polyclonal antibody against CAT (diluted 1:200, Santa Cruz Biotechnology, Inc.), mouse monoclonal antibody against IL-1β (diluted 1:200, Santa Cruz Biotechnology, Inc.), rabbit polyclonal antibody against NF-kB-p65 (NF-kB) (diluted 1:200, Abcam, Cambridge, UK), rabbit polyclonal antibody against eNOS (diluted 1:200, Santa Cruz Biotechnology, Inc.) and mouse monoclonal antibody against iNOS (diluted 1:200, Santa Cruz Biotechnology, Inc.). After incubation and washing in TBS, smears were treated respectively with anti-mouse, anti-goat and anti-rabbit secondary antibodies (Vector Laboratories, Inc., Burlingame, CA, USA) for 50 min at room temperature.

###### 

Body Mass Index (BMI) classification.

  BMI          Weight classes
  ------------ ----------------
  \<18.5       Underweight
  18.5--24.9   Normal weight
  25--29.9     Overweight
  \>30.0       Obesity

In the end, smears were washed and treated by avidin-biotin complex (Vector Laboratories, Inc.) for 50 min. Finally, smears were stained by 3,3'-diaminobenzidine (DAB, VWR International, LLC, activated by hydrogen peroxide), mounted and observed under light microscopy at final magnification of 1000X (Olympus).

Blood smears without primary antibody and in the presence of isotype-matched IgG served as negative controls.

Semi-quantitative and quantitative analyses {#sec2-8}
-------------------------------------------

The immunohistochemical data were evaluated by two blinded observers for semiquantitative and quantitative analysis. In case of dispute concerning interpretation, results were reconsidered to reach a unanimous agreement. The expression of the different proteins has been evaluated in the RBCs and WBCs of each slides stained. Since WBCs were available in the same slides, they were chosen as a representative sample of nucleated cells. For semiquantitative analysis, the results for SOD-1 and CAT, IL-1β, NF-kB, eNOS, iNOS, in RBCs and WBCs were expressed as no staining (-), very weak (+/-), weak (+), moderate (++), and strong (+++) positivity. Additionally, we evaluated immunostaining for NF-kB, eNOS and iNOS as Integrated Optical Density (IOD).^[@ref71]^ In the same way we also evaluated the immunopositivity for SOD-1, CAT and IL-1β expressing it as percentual of positive area on the total area considered (calculated measuring 20 random fields, with the same area - 0.03 mm^2^/field - for each smear). In particular, staining intensity was measured considering RBCs and WBCs for each patient, for a total of one hundred RBCs and fifty WBCs randomly selected for each patient. Digitally fixed images of the smears at 1000x magnification were analyzed using an optical microscope (Olympus) equipped with an image analyzer (Image Pro Premier 9.1, MediaCybernetics, Rockville, MD, USA). The Image Pro Premier software generate black and white images for all the pictures used for the immunohistochemical analysis. These black and white pictures could then be used for densitometric analysis, as reported by Reeve and colleagues.^[@ref72]^ Here the densitometric analysis is considered as a linear inverse scale, ranging from 0 (black) to 250 (white). At the end, all the data were pooled to represent a mean value and statistical analysis were applied to compare the results obtained from the different groups.

Statistical analyses {#sec2-9}
--------------------

The data were pooled to calculate a mean value and results were expressed as the mean ± standard deviation. Statistical significance of differences among the experimental groups for all the markers was evaluated by analysis of variance (one-way ANOVA) calculated by Origin^®^ 7SRI, 1991-2002 OriginLab Corporation, Northampton, MA, USA) corrected by Bonferroni test with significance set at P\<0.05. All the data were evaluated by two blinded observers. In case of dispute concerning interpretation, results were reconsidered to reach a unanimous agreement.

Results {#sec1-3}
=======

Differences in triglyceride levels among healthy, obese and obese plus supplementation subjects {#sec2-10}
-----------------------------------------------------------------------------------------------

In healthy and obese subjects, the mean triglyceride value was respectively 1.505 mmoL/L and 1.996 mmoL/L as shown in [Figure 1](#fig001){ref-type="fig"}. These values were compared to the normal triglyceride value (see *Materials and Methods*). Remarkably after six weeks of supplementation, the triglyceride levels showed a significant decrease compared to three weeks of supplementation, converging close to normal levels ([Figure 1](#fig001){ref-type="fig"}).

![Triglycerides have been evaluated in healthy and obese patients before and after three and six weeks of omega-3 PUFA supplementation. The results showed a significant decrease in obese subjects after six weeks of omega-3 PUFA supplementation. Bars indicate mean ± SD. +P≤0.05 *vs* healthy subjects; \*P≤0.05 *vs* healthy subjects; \#P≤0.05 *vs* obese subjects.](ejh-64-1-3081-g001){#fig001}

Changes of RBC morphology in obesity and its restore with supplementation {#sec2-11}
-------------------------------------------------------------------------

We decided to describe the data obtained from the RBCs and WBCs of healthy and obese subjects, and from obese subjects only after six weeks of omega-3 PUFA administration because these findings are more significant than those observed from the same patients after three weeks of supplementation. The results are in line with the biochemical evaluations as reported above allowing to define a link between the inflammatory state, represented by an alteration in the triglycerides levels, and the shape of the RBCs. We have considered these parameters, such as the evaluation of the oxidative state, as possible markers of a different vitality of the cells. Our data also confirmed the one obtained by Seljeflot *et al*. who have showed that, after six weeks of supplementation, PUFA had improved haemostatic markers of endothelial dysfunction in acute ischemic stroke.^[@ref73]^

RBC shape alterations {#sec2-12}
---------------------

The RBCs from healthy subjects displayed a normal physiological biconcave-discoid shape ([Figure 2A](#fig002){ref-type="fig"}); instead the RBCs obtained from obese patients showed two types of morphological alterations as reported by Ford *et al.*^[@ref74]^ In detail, we found spiculate RBCs with rounded projections (echinocytes) and elongated RBCs forming teardrop-shaped cells with variable surfaces (dacrocytes) ([Figure 2B](#fig002){ref-type="fig"}). Interestingly, after supplementation, there was a significant reduction in echinocytes and dacrocytes ([Figure 2C](#fig002){ref-type="fig"}).

The statistical analysis of the physiological and altered RBC morphology is shown in [Figure 3](#fig003){ref-type="fig"}. In particular, the number of altered shapes is higher for dacrocytes than for echinocytes.

SOD-1 and CAT expression and change of their positivity after omega-3 PUFA supplementation {#sec2-13}
------------------------------------------------------------------------------------------

### Red blood cells {#sec3-1}

SOD-1 and CAT enzymes were present in RBCs in both healthy and obese subjects although to a lesser extent in obese individuals. In fact, RBCs of healthy and obese subjects were moderately and weakly positive for SOD-1 respectively ([Figure 4 A](#fig004){ref-type="fig"},[B](#fig004){ref-type="fig"}). After supplementation, the normal positivity was restored ([Figure 4C](#fig004){ref-type="fig"}).

The positivity's trend of CAT was similar to that observed for SOD-1 and its expression is evident in [Figure 4 D-F](#fig004){ref-type="fig"}.

![Photomicrographs stained by May Grunwald Giemsa showing RBCs from healthy (A), obese (B), and obese subjects after six weeks of omega-3 PUFA supplementation (C). Alterations are present in obese patients: echinocytes are marked with arrowheads; a dacrocyte is reported in a black square and it is indicated with an arrow. Scale bars: 20 μm.](ejh-64-1-3081-g002){#fig002}

![Quantitative analyses showing the changes of RBC morphology in healthy and obese subjects before and after omega-3 PUFA supplementation. The results showed a significant reduction in the number of echinocytes and dacrocytes in obese subjects after six weeks of supplementation. Bars indicate mean ± SD. \*P≤0.05 *vs* healthy subjects; \#P≤0.05 *vs* obese subjects.](ejh-64-1-3081-g003){#fig003}

### White blood cells {#sec3-2}

SOD-1 expression was differently localized in the WBCs of healthy and obese subjects. Specifically, SOD-1 expression was weakly present in the cytoplasm of healthy subjects whereas its positivity was moderate in the nucleus and weak in the cytoplasm of obese patients ([Figures 4A](#fig004){ref-type="fig"}, [B](#fig004){ref-type="fig"}). After supplementation, the expression became more in line with that observed in healthy patients ([Figure 4C](#fig004){ref-type="fig"}). CAT expression showed the same findings as SOD-1 suggesting that these two enzymes have the same functions as promoters and regulators of oxidative stress ([Figure 4 D-F](#fig004){ref-type="fig"}).

The semi-quantitative and quantitative observations are summarized in [Table 2](#table002){ref-type="table"} and [Figure 5 A](#fig005){ref-type="fig"},[B](#fig005){ref-type="fig"}, respectively.

Role of IL-1β in the inflammatory state in WBCs {#sec2-14}
-----------------------------------------------

### Red blood cells {#sec3-3}

IL-1β expression was very weak in the RBC cytoplasm from healthy subjects ([Figure 4G](#fig004){ref-type="fig"}) and very weak or weak in the same cells from obese patients ([Figure 4H](#fig004){ref-type="fig"}). The same pattern of healthy individuals has been observed in obese subjects after supplementation ([Figure 4K](#fig004){ref-type="fig"}).

### White blood cells {#sec3-4}

As afterwards reported for iNOS, IL-1β expression was differently localized in the WBCs of healthy and obese subjects. In this case, in fact, the difference is more significant than that identified in RBCs. Specifically, IL-1β positivity was very weakly expressed in the WBC cytoplasm in healthy subjects ([Figure 4G](#fig004){ref-type="fig"}). These results became moderate in the obese patients ([Figures 4H](#fig004){ref-type="fig"}). After supplementation, the expression returned similar to that observed in healthy patients ([Figure 4K](#fig004){ref-type="fig"}).

![Photomicrographs showing SOD-1, CAT and IL-1β expression in RBCs and WBCs from healthy subjects (A,D,G) obese patients (B,E,H) and from obese patients after omega-3 PUFA supplementation (C,F,K). The results highlighted a different SOD-1, CAT and IL-1β expression in RBCs and WBCs in obesity and a positive effect of supplementation. Scale bars: 20 μm.](ejh-64-1-3081-g004){#fig004}

###### 

Semi-quantitative analysis of SOD-1 and CAT in RBCs and WBCs from healthy and obese subjects before and after supplementation.

          Healthy Subjects   RBCs Obese subjects   Obese subjects after supplementation   Healthy Subjects   WBCs Obese Subjects   Obese subjects after supplementation
  ------- ------------------ --------------------- -------------------------------------- ------------------ --------------------- --------------------------------------
  SOD-1   ++                 \+                    ++                                     \+                 +/++                  \+
  CAT     ++                 \+                    ++                                     \+                 +/++                  \+

The semi-quantitative and quantitative observations are summarized in [Table 3](#table003){ref-type="table"} and [Figure 5C](#fig005){ref-type="fig"} respectively.

Decrease of NF-kB expression in obesity and its upregulation with omega-3 PUFA supplementation {#sec2-15}
----------------------------------------------------------------------------------------------

### Red blood cells {#sec3-5}

RBCs were strongly NF-kB positive for healthy patients ([Figure 6A](#fig006){ref-type="fig"}) and weakly positive for obese subjects ([Figure 6B](#fig006){ref-type="fig"}). Its expression was restored in obese patients after supplementation ([Figure 6C](#fig006){ref-type="fig"}).

![Histograms showing SOD-1 (A), CAT (B), and IL-1β(C), expression quantitatively reported as %area, in RBCs and WBCs from healthy, obese and obese subjects before and after omega-3 PUFA supplementation. Bars indicate mean ± SD. \*P≤0.05 *vs* healthy subjects, \# P≤0.05 *vs* obese subjects; C, positivity expressed in the cytoplasm of WBCs; N, positivity expressed in the cytoplasm of WBCs.](ejh-64-1-3081-g005){#fig005}

###### 

Semi-quantitative analysis of IL-1β in RBCs and WBCs from healthy and obese subjects before and after supplementation.

          Healthy Subjects   RBCs Obese subjects   Obese subjects after supplementation   Healthy Subjects   WBCs Obese Subjects   Obese subjects after supplementation
  ------- ------------------ --------------------- -------------------------------------- ------------------ --------------------- --------------------------------------
  IL-1β   +/-                +/-\\+                +/-                                    +/-                +/++                  +/-

With regard to eNOS, the positive trend was similar to that observed for NF-kB; its expression was moderate in RBC from healthy patients and very weak or weak in obese subjects ([Figure 6 D](#fig006){ref-type="fig"},[E](#fig006){ref-type="fig"}). High positivity was reestablished after supplementation as shown in [Figure 6F](#fig006){ref-type="fig"}.

About iNOS expression, we observed very weak or weak staining in RBCs from healthy subjects and a negative or very weak positivity in obese patients ([Figures 6 H](#fig006){ref-type="fig"},[G](#fig006){ref-type="fig"}). After supplementation, the iNOS positivity was re-established ([Figure 6K](#fig006){ref-type="fig"}).

### White blood cells {#sec3-6}

Notably, immunohistochemical analysis of NF-kB demonstrated that WBCs displayed a different positive trend than RBCs. NF-kB expression was weak in the WBC cytoplasm of healthy patients and moderate in obese subjects ([Figures 6 A](#fig006){ref-type="fig"},[B](#fig006){ref-type="fig"}). In obese patients after supplementation its positivity was similar to that observed in healthy subjects and it was weak again in the cytoplasm ([Figure 6C](#fig006){ref-type="fig"}).

eNOS expression was very weak or weak in the WBC cytoplasm from healthy subjects ([Figure 6D](#fig006){ref-type="fig"}) and negative in the same cells from obese patients ([Figure 6E](#fig006){ref-type="fig"}). The same pattern of healthy individuals has been observed in obese subjects after supplementation ([Figure 6F](#fig006){ref-type="fig"}).

iNOS expression was negative in the WBCs of healthy people ([Figure 6G](#fig006){ref-type="fig"}). On the contrary, it was moderately expressed in the cytoplasm of obese patient WBCs ([Figure 6H](#fig006){ref-type="fig"}) and then disappeared in obese patients after supplementation ([Figure 6K](#fig006){ref-type="fig"}).

The semi-quantitative and quantitative observations are summarized in [Table 4](#table004){ref-type="table"} and [Figure 7](#fig007){ref-type="fig"}, respectively.

Discussion {#sec1-4}
==========

Evidence is provided herein of the non-canonical expression of NF-kB and NOS in the RBCs of healthy subjects and of their different positivity in obese subjects before and after six weeks of omega-3 PUFA supplementation. In addition, we compared the presence of oxidative and inflammatory markers in RBCs with those observed in WBCs, that here we considered as representative wellknown cellular model. In fact, WBC involvement in inflammation has been more thoroughly investigated although sometimes the results are conflicting, but, above all, the role and function of the proteins studied in nucleated cells have been, over the years, better defined than it has been in anucleated cells, as, for example, in red blood cells.^[@ref16],[@ref35],[@ref75],[@ref76]^ To our knowledge, there are few papers reporting the presence of NF-kB in anucleated cells. Spinelli *et al*. demonstrated the non-classical role of the NF-kB family in modulating platelet function;^[@ref5]^ they demonstrated that its inhibition has deleterious effects on the platelet signaling pathways involved in shape change and spreading, modulation of clot retraction and thrombus stability under flow conditions. Furthermore, Ghashghaeinia *et al*. showed that RBCs do harbour NF-kB and IkB- α, its inhibitory protein that keeps it in the cytoplasm, even if they lose their nuclei.^[@ref30]^ The authors suggested that this transcription factor is necessary for several functions other than the transcriptional one, necessary also for the RBCs, even if devoid of nucleus and transcriptional activity.

![Photomicrographs showing NF-kB, eNOS and iNOS in RBCs and WBCs from healthy subjects (A,D,G) obese patients (B,E,H) and from obese patients after omega-3 PUFA supplementation (C,F,K). The results highlighted a different NF-kB, eNOS and iNOS expression in RBCs and WBCs in obesity and a positive effect of supplementation. Scale bars: 20 μm.](ejh-64-1-3081-g006){#fig006}

![Histograms showing NF-kB (A), eNOS (B) and iNOS (C) expression quantitatively reported as IOD, in RBCs and WBCs from healthy, obese and obese subjects before and after omega-3 PUFA supplementation. The results showed the statistical change in the positivity of all three markers. Bars indicate mean ± SD. \*P≤0.05 *vs* healthy subjects; \#P≤0.05 *vs* obese subjects.](ejh-64-1-3081-g007){#fig007}

###### 

Semi-quantitative analysis of NF-kB, eNOS and iNOS in RBCs and WBCs from healthy and obese subjects before and after supplementation.

          Healthy Subjects   RBCs Obese subjects   Obese subjects after supplementation   Healthy Subjects   WBCs Obese Subjects   Obese subjects after supplementation
  ------- ------------------ --------------------- -------------------------------------- ------------------ --------------------- --------------------------------------
  NF-kB   +++                \+                    ++\\+++                                \+                 ++                    \+
  eNOS    ++                 +/-\\+                ++                                     +/-\\+             \-                    +/-\\+
  iNOS    +/-\\+             -\\+/-                +/-\\+                                 \-                 ++                    \-

Intriguingly, we supported the differences in the expression of NF-kB in anucleated and nucleated cells. In fact, we showed that, in the RBCs and WBCs, NF-kB it is, respectively: i) strongly and weakly present in healthy volunteers; ii) weakly and moderately evident in obese subjects having the same pattern of iNOS expression. It is known that, in RBCs, NF-kB is important for their physiological functions and for maintaining their survival by delaying eryptosis as described by Ghashghaeinia *et al*., whereas in WBCs this protein is present as marker of inflammation, as well as iNOS and IL-1β.^[@ref22],[@ref23],[@ref30],[@ref77]^ Moreover, obesity is associated with oxidative stress and inflammation, which trigger for eryptosis.^[@ref78],[@ref79]^ In fact, we showed that NF-kB is moderately positive in WBCs from obese patients and this last result agrees with the findings demonstrating the complexity of the aetiology of obesity, a process that, overall, is markedly linked to inflammation and oxidative response. Notably, the characterization of this disease is difficult, and it includes the biological and environmental factors that are added to the consumption of a high-calorie diet combined with a reduction of physical activity.^[@ref80]^ Inflammation has been implicated for better understanding the biological underpinnings of the risk of obesity and associated diseases.^[@ref81]^ Moreover, we studied the inflammatory state of these cells considering the expression of IL- 1β.^[@ref77]^ In addition, it is important to stress the presence of NF-kB compared to antioxidant enzymes both in RBCs and WBCs. In RBCs, NF-kB, SOD-1 and CAT have a similar positivity trend, since they are more expressed in good health compared to obesity. These findings could suggest that NF-kB can have the same role of fundamental antioxidant enzymes in RBCs. Recently, in fact, Kozakiewicz *et al.* demonstrated that lower activities of antioxidant enzymes in erythrocytes indicate an impairment of antioxidant defence in the aging organism.^[@ref82]^ In WBCs, these proteins showed a similar positivity but they are differently localized in good health and obesity^[@ref82]^. In obese subjects, NF-kB positivity was evident in the nucleus of WBCs while antioxidant enzymes were localized in the cytoplasm of these cells. As concerns nuclear-positivity expression of SOD-1 and CAT in obese patients, the findings indicate that these proteins move from the cytoplasm to the nucleus during the inflammatory response, probably in order to regulate the expression of a large set of oxidative response genes that are known to provide resistance to oxidative stress, DNA damage repair and relief of replication stress.^[@ref83],[@ref84]^With regard to NF-kB its presence in the cytoplasm of WBC from obese patients could indicate that when, it is activated, it enters the nucleus to induce transcription of a myriad of genes that mediate many cellular processes such as immunity, inflammation, proliferation, apoptosis, and cellular senescence as demonstrated by Muriach *et al*.^[@ref85]^ Thus, we can suggest that NF-kB could have a dual role being on one side prolifespan, in RBCs, and on the other side, in WBCs and in nucleated cells, stimulating pro-inflammatory processes, modifying its activity depending on the different cells in which it is examined.

![Schematic representation showing the results obtained during the study.](ejh-64-1-3081-g008){#fig008}

Another interesting finding is that eNOS has the same positivity pattern as NF-kB in the RBCs of healthy and obese subjects. It is well-known that the most common route of NO production is through the action of NOS, and while iNOS produces high amounts of NO in multiple cell types in response to inflammatory stimuli as reported above, eNOS generates low quantities of NO and its activity occurs in physiological conditions.^[@ref22],[@ref86]^ NO bioavailability decreases in metabolic syndromes both in human and animal studies.^[@ref90],[@ref91]^ This is due to the decrease in expression of eNOS activity that could be attributed to insulin resistance and mediated by NF-kB.^[@ref71]^ So, our results confirmed these findings by showing that NF-kB could be defined also as an enzyme that enables the eNOS expression and, probably, its activity in the RBCs of healthy subjects, stimulate, instead, higher work by iNOS in the WBCs of obese patients. In fact, iNOS positivity increased in the WBCs of obese patients, while eNOS expression decreased in the RBCs and WBCs of obese patients.

The positivity pattern described for iNOS is the same that we have also depicted for IL-1β: these results allowed to suppose the existence of a link between obesity, oxidative stress, inflammatory response, IL-1β and also iNOS in WBCs. These results agree with those depicted from different authors demonstrating that RBCs obtained from obese participants show dynamic stretching behaviour in extensional flows. These metabolic abnormalities include traits that characterize metabolic syndrome and insulin resistance and chronic inflammation.^[@ref91],[@ref92]^

Last but not least are the results showing that omega-3 PUFA administered to obese patients for three and six weeks partially restore the positivity of the proteins examined over time.

We decided to start this supplementation following previous results showing a good impact of RBCs morphology after PUFA administration. RBC deformability and platelets aggregation are two features of main importance considering the development of cardiovascular diseases.^[@ref93]^ Moreover, RBC shape is strictly linked to the oxidative stress of the cells and to the presence of different quantity of NO.^[@ref11]^

Starting from this background, we considered studies that confirm, first of all the presence of EPA and DHA in RBC membrane, secondly, the possibility of modulating their composition after PUFA supplementation. Cao and colleagues showed that also a two-week-long supplementation could modify the RBC membrane composition,^[@ref93]^ acting on platelets aggregability, too.^[@ref94]^ We also look at RBC shape, through May-Grunwald and Giemsa staining stained smears, in order to look for any significative changes. We suppose that six weeks of supplementation is no longer enough to affect the lifecycle of these cells, but it could lead some morphological modifications useful in order to maintain RBC functionality. In addition, the positivity of proteins and of the aforementioned inflammatory markers is statistically restored and similar to that observed in healthy volunteers after six weeks of supplementation. So, we can suggest that omega-3 PUFA supplementation is able to modulate the omega-6/omega-3 ratio in blood cells markedly by contributing significantly to the expression and synthesis of a variety of proteins, such as those we studied. In this way this supplementation is able to increase antioxidant enzymes and NF-kB that, in turn, modulates NOS. Anyway, beyond the changes obtained in the expression of the markers considered above, it is important to try to clarify the role of supplementation in these cells: other studies using different therapeutic approach of omega-3 PUFA supplementation involve patients for a variable period of time, from four weeks to more.^[@ref72]^

Our results have shown that six weeks of supplementation is enough to induce a change in the expression of cytoplasmic proteins, defining also some alterations in the morphologies of WBCs. Given the physiological half-life of RBCs, we could suggest that the beneficial effect of supplementation is not related to a change in the survival of these cells, nevertheless, the effect that this brief supplementation already seems to have on the morphology of RBCs and on their protein complement, even if not affecting lifecycle, could be an interesting starting point for evaluating a possible therapeutic use of this supplementation. In this context, in agreement with Brigandi *et al.*, we could suggest that RBC phospholipid fatty acid evaluation is an important biomarker for fatty acid status in tissues and organs.^[@ref95]^ It is also worth mentioning that cell membranes are a determinant tool for controlling the membrane properties and functions during diseases and aging.^[@ref96],[@ref97]^ Moreover, our data could indicate that the changes in fatty acids on the RBC membranes influence also the morphology of the same cells.

These considerations are fundamental to better clarify the purpose of our work and the reasons that led us to conduct this clinical trial. Although these data have to be better investigated, they have allowed us to confirm, first of all, the existence of a correlation between oxidative stress and the expression of specific proteins. Secondly, it has been possible to confirm that the supplementation with omega-3 PUFA is sufficient to modify the expression of the proteins previously analysed: the mechanism of action is not yet clear, but future trials will enable major advances on treatment researches on omega-6/omega-3 ratio and other clinical implications.

Our conclusion, summarized in [Figure 8](#fig008){ref-type="fig"}, supports the noncanonical and positive role of NF-kB in RBCs and its inflammatory functions in WBCs respectively in good health and obesity. In addition, we emphasize the fact that a high omega-6/omega-3 PUFA ratio, as is found in today's Western diets, promotes the pathogenesis of many diseases, including obesity, whereas increased levels of omega-3 PUFA (a lower omega-6/omega-3 ratio), exert protective effects.
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